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Abstract:

Keywords:

A better understanding of the role of bat caves as nitrogen sinks in tropical moist forest
ecosystems can be expected to shed light on regional and spatial variability in nutrient
recycling studies. We measured the nitrogen flux (in air and water) associated with a very
large Chaerephon plicata bat colony in Deer Cave, Borneo, in the process generating a new,
quantitative estimate of the total bat population (774,828 ±48,320), and the first detailed
modelling of an ammonia plume in a cave. Long-term storage of N does not occur in this wet
cave. Our final budget numbers indicate that, of the daily input of N (i.e., ecologically-useful
fixed-N in guano) to this cave, ammonia production is minor (and most of it is exported in
water rather than air). The conclusion is that the export budget is dominated (perhaps as
large as 94.4%) by microbial denitrification of fixed-N to diatomic N exported in air. Deer
Cave thus acts as a nitrogen sink, potentially removing up to 39% of the ecologically-useful
fixed-N from the total forest nitrogen budget over an area of hundreds of square kilometers.
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INTRODUCTION
The spatial geochemistry of tropical moist forest
(TMF) ecosystems is poorly understood and has only
recently begun to be studied in detail (e.g., Pulla
et al., 2016). In general, high levels of herbivory in
TMFs transfer large amounts of fixed nitrogen, and
other nutrients, into the insect community, which
itself is harvested by aerial insectivorous vertebrates
(bats and birds), or enters directly into the nonvolant vertebrate community through the activities
of leaf-eating mammals and frugivorous mammals
and birds. In non-karstic TMFs bats and birds
can be expected to redistribute this fixed nitrogen
through defecation and urination throughout the
TMF, contributing to the efficient recycling of this
potentially limiting macronutrient. However, in karst
environments, TMF’s may support very large (105–106
individuals) populations of bats and, in Southeast
Asia, birds (cave dwelling swiftlets), that occupy very
spatially localized roosts. A single large cave may
support a bat (or swiftlet, or both) population in the
hundreds of thousands of individuals that forages for
insects over thousands of square kilometers of TMF,
but then deposits a substantial fraction of its total
excretory nitrogen within that single cave. A large
*

but previously undetermined fraction of this nitrogen
input may be retained within the cave, lost as gaseous
ammonia, lost as diatomic nitrogen gas following
biological denitrification, or exported in stream flow,
for example, as dissolved ammonia, nitrate or nitrite.
Such a cave then functions as a point-source sink
for TMF fixed-nitrogen. Since karst landscapes are
common in the moist tropics – karst landscapes
underlie some 400,000 km2 of Southeast Asia alone
(Day & Ulrich, 2000) – the role of large bat and
swiftlet roost caves as fixed nitrogen sinks represents
a potentially significant, but hitherto unrecognized,
biogeochemical phenomenon.
In this research we tested this hypothesis by
constructing an input-output mass balance nitrogen
budget for a tropical cave in Borneo. The inputs are
defecation and excretion from bats and the outputs
are loss through air and/or water flow.
Some of the nitrogen will be lost as ammonia in air, a
larger part will be lost as nitrites, nitrates and dissolved
ammonia in water, and the remainder through
microbiological denitrification to diatomic nitrogen in
air. In contrast to sulphates (although phosphates are
the most commonly-reported minerals associated with
guano degradation – e.g., Audra et al., 2019, 2021;
Merino et al., 2022 – we know that sulphates remain
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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in this cave as the end products of long-term guano
decay, at least in the high-level passages; Lundberg &
McFarlane, 2021), and potentially phosphates, there
is no mineralogical storage of nitrates and no deep
ancient guano accumulations in this specific cave.
We therefore assume no long-term storage (e.g., >100
years) of nitrogen. If we have an estimate for input,
and account for loss to air and to water, the remainder
thus represents a measure of de-nitrification. This
dynamic is represented by the equation:
Ntotal = N2(g) + NH3(g, aq) + NO3(aq) + NO2(aq)
where the total N input from the bats is distributed amongst
its constituent species in gaseous or aqueous form.
Fieldwork was undertaken in July of 2018 at Deer
Cave (Gua Rusa), Gunung Mulu National Park, Sarawak,
Malaysia. Specific goals were: 1) to determine the daily
input of nitrogen in guano and urine; 2) to determine
the daily output of nitrogen in the form of (i) ammonia
discharged to cave air and subsequently exported by air
flow out of cave, (ii) nitrate, nitrite and dissolved ammonia
exported from the cave in drainage water, (iii) diatomic
N lost (to the air) through denitrification. This research
was also an attempt to establish a reliable protocol for
nutrient-budget studies in caves, which might serve as a
basis for future investigations in this field.
We approached the research at two levels: broadscale measures relevant to the whole cave; and a

comprehensive case study of one area (the results
of which allowed us to approximate parameters that
could not practically be measured for the whole
cave). In the process, we have derived a new, and
more realistically-supported, estimate of the total bat
population of the cave.
Description of Deer Cave
Deer Cave (Gua Rusa), 4.024° N, 114.826° E, is
located in Gunung Mulu National Park, Sarawak,
Malaysia (Fig. 1). Gunung Mulu National Park is a
528 km2 preserve containing the largest single block
of karst in Borneo and mapped cave passages totaling
more than 330 km in length (Anon., 2018). The park,
which is largely vegetated with lowland and lower
montane tropical moist forest (TMF), lies adjacent to
a further very extensive (>2500 km2) tract of lowland
TMF in the state of Brunei (c.f., Bryan et al., 2013).
Deer Cave is recognized as one of the World’s largest
cave passages, consisting of a tunnel with an average
cross section of ~100 x 70 m, extending ~1400 m
through a limestone massif. The cave hosts at least
twelve species of bats (Hall, 1996), mostly in small
colonies, but dominated by a colony of Wrinkledlipped bats (Chaerephon plicata) that has not been
quantitatively assessed but has been variously
estimated at 0.3–2 million individuals (Chapman,
1985; Hall, 1994, 1996).

Fig. 1. Simplified survey of Deer Cave, showing roosts and instrumented sites (data extracted from detailed survey of 2009: Sutton et al., 2013).
The cross sections S1-3 are shown in Figure 5. Inset: Location of Gunung Mulu National Park, Sarawak, Borneo).

A large stream enters the cave through the “Garden
of Eden” (north-west) entrance, drains the area
around “Roost C”, but soon sinks into a sump before
reappearing in the parallel Deer Water Cave (Fig. 1).

This stream thus does not impinge on the main cave
and plays only a minor role in the nitrogen budget of
Deer Cave itself. Drip waters in the main part of the
cave are drained by small streams that originate in the
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vicinity of Chaerephon “Roost B”, and flow beneath
Chaerephon “Roost A” before exiting the cave from
the main (south-west) entrance as the “Deer Cave
Stream”. This stream is of modest size, typically only
~0.004 m3/sec at its exit from the cave, and does not
impinge on the guano accumulations under normal
flow regimes. High precipitation events increase drip
rates in the main cave, but cause flash floods only in
the Garden of Eden. Catastrophic flooding probably
would remove the guano beside the stream channel.
However, an unpublished C-14 date on a continuous
sequence of accumulating guano under “Roost A”, and
only a few metres from the stream channel, yielded a
basal radiocarbon date on clean chitin of AD 1931
(±19 yrs), indicating that this deposit has remained
intact for close to a century. This particular deposit
is probably the only one that is vulnerable to fluvial
erosion. The majority of the guano deposits are distant
from the stream channel or at higher levels: our date
of 2150 ±30 radiocarbon years BP (McFarlane et al.,
2020) on one of the high level guano deposits confirms
their long-term stability.
Area A1 (Fig. 1) was chosen for the most detailed
study (herein dubbed the “Guano Pile”). It is a ~250
m2 expanse of fresh guano deposited on a terrace of
stream cobbles. Guano thickness varies from ~0.1 to
~1 m; accumulation is limited by rare catastrophic
stream flooding events which would be expected to
remove the deposit. The choice of site for detailed
study was limited by the requirement for flat open
ground (for some of the simulations) and for a
site around which we could walk with ease, thus
protecting the integrity of the deposit itself and
allowing repeated, easy access to all sensors. To
measure emission of ammonia from this area alone,
the site had to be as self-contained as possible, with
air flow that avoided other streams of ammonia from
nearby guano deposits.
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METHODS
Measurement of inputs (guano and urine)
Guano and urine deposition rate
We approached this on two levels: i) we measured the
rate over the guano pile of interest; and ii) we estimated
the rate for the whole cave (using a combination of
guano mapping and bat population estimation).
Guano deposition rate was measured across Area
A1 using an array of twelve 484 cm2 plastic collecting
plates (Supplementary Fig. S1A and Fig. 2) mounted
on dowelling rods 30 cm above the guano to prevent
access by guanophagous invertebrates (support rods
were also coated with a band of petroleum jelly).
Accumulated guano was collected after 3 days exposure,
preserved in 90% ethanol, and dried at 70°C for 24 hr
before weighing.
The plate locations were surveyed in the field, and
plotted onto the cave survey extract (based on, and
modified from, the Sutton et al., 2013, survey). The
locations and dry weights were entered into a geographic
information system (ArcGIS) that extrapolates from the
data with a Kriging algorithm to create a 3-D model,
yielding surface topography and roughness, guano pile
area, and contours of guano accumulation rate.
a) Guano mapping
For the whole cave, the surface area of guano
deposits was mapped using the survey of Sutton et
al. (2013). This survey, drawn from high resolution
laser scanned data, is extremely detailed, including
even the boulders at correct scale and morphology.
We mapped the area covered by guano markings in
the cave, and measured the aerial extent using the
software package “ImageJ”. Note that the surface area
of guano on the floor must necessarily be larger than
the area of roosting bats on the roof due to deflection
by air currents during free fall.

Fig. 2. Area A1, The Guano Pile: Array of guano collection plates and Radiello ammonia sensors (emplaced with care to minimize
disturbance/compaction of deposit).

b) Total bat population
Total bat population is a major component in rate of guano
deposition for the whole cave. The widely varying published
estimates (0.3–2 million) are obviously of little utility and

attempts to definitively quantify the bat population were
beyond the scope of this research. However, we were able
to estimate the population, and thereby the input of guano
to the whole cave, by indirect means.
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We tried to follow published protocols for estimating
bat populations in caves, but none worked here.
Attempts to do a photographic survey of roost density
over the Guano Pile failed because ceiling height,
at >100 m and in darkness, was just too great for
photography. Weaver et al. (2015) estimated bat
population in Bracken Bat Cave, Texas (ceiling
at only 38 m, but still too high for resolution of
individual bats), using the area of dark coloration
photographed on the ceiling combined with typical
population densities published in the literature. We
could not employ this technique directly over Roost
A because the white rock ceiling is partly covered by
a black deposit of unknown composition and origin
(perhaps cyanobacterial) which obscures the edge of
the bat roost. Instead, we worked backwards from the
mapped areas of guano on the cave floor, estimating
the most likely amount of splay during free fall of
guano pellets through the air in conjunction with
measured wind strength, and thus were able to get a
reasonable estimate of the area of roost on the ceiling
(details in Results section).
Although no measures have been published of the
typical density of roosting Chaerephon plicata, it is
likely to be quite similar to that of the closely related
and intensively studied species Tadarida brasiliensis
mexicana (indeed, Chaerophon had originally been
classified under the genus Tadarida). Both species
form dense shoulder-to-shoulder mats on roofs in the
roost area (although over wider areas the mats will not be
continuous). The estimate of maximum roosting density of
Tadarida in Carlsbad Caverns of 2152 bats/m2 published
by McCracken (1984) has been widely used (e.g., in
conjunction with imaging [conventional or thermal]
of roost area; Humphrey 1971; Roemer, 2000). The
McCracken density value applies only to the most
densely-packed areas, but is not a realistic value for
the whole area of bat roosting. Indeed, traditional
censusing techniques based on the simple formula
of maximum packing density by roost area have
yielded notoriously unreliable results (Betke et al.,
2008; McFarlane et al., 2015). For example, Betke
et al. (2008) found that the traditional estimates of
six of the largest Tadarida brasiliensis mexicana bat
colonies in the US overestimated the populations by
more than an order of magnitude. In another example,
Stepanian & Wainwright (2018), using radar data of
the emergent bat cloud from Bracken Cave, Texas,
estimated a maximum population in the order of 2.5
- 3.0 million bats, very considerably lower than other
published estimates for this cave (e.g., >20 million:
Iskali & Zhang, 2015). Therefore, we approached the
problem by using data for Chaerephon plicata from
our previous study in Gomantong Cave, Sabah,
Borneo (McFarlane et al., 2015), where the nightly bat
flight is more tractable to imaging.
c) Input of bat-derived N
A sample of fresh guano was dried, and analysed for
N content (on an Elementar VarioCube C:N analyzer).
Urine production per bat per day and N content of
urine were calculated using published data, adjusted
for Chaerephon plicata body mass. Guano production

per bat per day and N content of guano were calculated
from published data. We then applied these results to
our newly minted estimate of total bat population, to
yield total input of N to the cave from urine and feces
(guano).
Measurement of outputs (in air and water)
Air flow and air chemistry
a) Air flow/discharge
Basic air flow data were required to guide to
placement of ammonia sensors in order to quantify
the export of ammonia out the main exit and in order
to map the ammonia plume that developed downwind
of the Guano Pile at Area A1.
Air flow through the cave followed a diurnal pattern,
mirroring regional winds (World Weather online,
2022). For most of the day (19 - 20 hours), air flow
was relatively constant through the cave, entering
from the north-eastern Garden of Eden entrance and
exiting to the south-west through the Main Entrance,
in response to the dominant direction of regional
winds. This was classified as “Normal” mode. At
mid-day for ~4-5 hours (from ~10 am to ~3 pm) air
flow reduced to zero and then reversed flow direction,
generally gaining only low speeds. This was classified
as “Reverse” mode.
The routeway for air flowing in the Normal mode
is simply from the Garden of Eden into the main
passage, but the exit is complicated by the morphology
of the Main (southwestern) Entrance. Air exits to the
southwest via the two portals: the upper-level portal
and the lower-level (boardwalk) portal (Fig. 3 and
Supplementary Fig. S2).
Air flow was measured in two ways: 1) It was logged
continuously over the ten days of field work (a reading
integrated over every minute) with two custom-built
cup anemometers (using Anemometer Wind Speed
Sensor 1733 from Adafruit Industries: testing range
0.5 m/s to 50 m/s, resolution 0.1 m/s, starting speed
0.2 m/s). These included a free-hanging vane on a
needle-bearing which recorded direction either into,
or out of, the passage. 2) It was logged intermittently
with a data-logging hot-wire anemometer (Testo 405i;
resolution 0.01 m/s (https://www.testo.com/enUS/testo-405i/p/0560-1405), hand-held at 1.5 m
elevation; data were recorded every 2 seconds, and
averaged over a 1 minute interval. This does not
record wind direction.
One anemometer was placed just upwind of the
Guano Pile, Area A1. However, after a couple of
days it became obvious that wind speeds in this
large passage were typically insufficient to move the
cups (i.e., less than 0.2 m/s). Therefore the second
anemometer was placed in a narrower part of the
passage between the Garden of Eden entrance and the
guano study site (close to site B1, Fig. 1, herein called
“Bat Observatory”). In addition, spot measurements
of air flow over the Guano Pile were made with the
hot wire anemometer at 1.5 m height above ground
level, every three hours over the course of 24 hours.
Because of the complexity of the main exit routes,
wind speed was not logged continuously at the Upper
and Lower Portals of the Main Entrance. Instead, the
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data from the Bat Observatory were used to simulate
a continuous record of air flow over the Guano Pile A1
and the exit portals, using the principle of continuity
of flow in a pipe of varying diameter (if speed and
diameter are known from one part of the pipe, speed
can be calculated for another part of the pipe of
different diameter). Passage cross sections (Fig. 3)
were drawn by modifying the nearest cross section
from the Sutton et al. (2013) survey, incorporating incave laser measurements of height and width.

Fig. 3. Cross sections of Main passage (S2 of Figure 1), Upper and
Lower Portals (S1), and Bat Observatory (S3) (adapted from nearby
sections in Sutton et al., 2103).

We calculated mean air flow over Guano Pile A1, for
the time periods relevant for the ammonia collection,
using the Continuity Equation (BYJUS, 2018).
vel1 · csa1 = vel2 · csa2
where vel1 is the (calculated) wind speed at Guano Pile
A1, of cross sectional area csa1 (12,250 m2), and vel2
is the (anemometer-measured) wind speed at the Bat
Observatory, of cross sectional area csa2 (2,650 m2).
We used the same method to calculate air flow out of
the exit portals.
Air temperature (°C) and barometric pressure (Pa)
were logged every minute, mounted at 1.5 m on
the mast in Site A1 (Adafruit BMP280 Barometric
Pressure and Temperature Sensor Breakout loggers,
accurate to ±1 hPa and ±1°C).
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b) Ammonia in air
Atmospheric ammonia concentrations were measured
using ‘Radiello’ (Centro di Ricerche Ambientali Padova,
Italy) diffusive detectors with a sampling rate of 235 ml/
min at 25°C and 1013 hPa. The effect of temperature on
sampling rate is <0.1%/°C in the range of 2–39°C, and
is invariant with humidity in the range 10–90% and
with wind speeds between 0.1 and 10 m/s. The limit of
detection is 1 μg/m3 for a 24 hour exposure, and uncertainty
at 1σ is 3.25% (Anon., 2019). Detectors were mounted
60 cm above the guano under plastic shields
to protect them from guano-fall whilst allowing
free access to circulating air (Supplementary
Fig. S1B). After return to the laboratory, the
Radiello cartridges were analyzed by absorbance
spectroscopy as indophenol at 635 nm, following
a pentacyanonitrosylferrate catalysis reaction
(Anon., 2019). Raw measurements were corrected
for procedural blank, and a calibration curve was
established by measurement of standards.
In order to map the ammonia plume from the main
guano pile under Roost A, four ammonia sampling
sites were located in Area A1 (Fig. 4). To measure
ammonia exiting the cave, four sampling sites were
located in the main (southwestern) entrance, two in
the low level portal, and two in the high level portal
(Supplementary Fig. S2). Detectors employed at Area
A1 were exposed for precisely 3 hours, repeated over
a full 24 hour study period. This 3 hour exposure
limit in the ammonia-rich area was designed to avoid
over-saturation of the detectors. Detectors deployed
at the two exit portals were exposed for 24 hours.
Total ammonia exported from the cave via the
exit portals was calculated from the air discharge
measurements and the Radiello results. Ammonia
could only be measured close to ground level, but
it was assumed that air flow en route from the
sources of ammonia production to the exit portals
was sufficiently turbulent that ammonia was evenly
dispersed throughout the cross section by the time it
reached the portals (an assumption confirmed by the
similarity in ammonia measurements for both portals
in spite of differing air speeds; see Results).
Ammonia plume dynamics over the Guano Pile
(production of ammonia at ground level) were
calculated from airflow and ammonia concentration
data using a Lagrangian stochastic dispersion
modelling implemented in the software package
WINDTRAX (v. 2.0; WindTrax, no date; McGinn et al.,
2007). The inputs to this model included: ammonia
data from the Radiello loggers that were most directly
in the path of the dominant wind and thus governed
the orientation of the plume; surface roughness of
guano pile; air temperature; and barometric pressure.
WindTrax assumes a relatively flat source area, free of
obstructions to air flow (confirmed, in our case, by the
low relief shown in the GIS-3D model). Positioning of
the sensors is important since they should be aligned
with the plume long axis: because we did not know
in advance which sensors would give the most useful
data, we set out the four Radiello positions around
the guano pile, choosing those along the lowest-tohighest line for the WindTrax inputs.
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Fig. 4. Instrumentation, and contours of guano deposition rate in
grams (dry weight) /m2/day, over Area A1. Note variable contour
interval. Background survey based on Sutton et al. (2013),
considerably simplified.

The parameters we entered into WindTrax included:
1) an estimate of atmospheric stability – here, judging
the level of turbulence as indicated by the frequency of
direction shifts of the air flow, we used the PasquillGifford stability class D “Neutral” (on a scale from A,
“Extremely Unstable”, to G, “Extremely Stable”: https://
www.ready.noaa.gov/READYtools.php); 2) aerodynamic
surface roughness length – here, in the absence of a
standard method of quantifying surface roughness
(Shepard et al., 2001), and, since surface roughness
does not have a significant impact in neutral
atmospheric stability conditions (Golbazi & Archer,
2019), and following Garratt’s (1992) estimation of
surface roughness length as about 1/10 of the average
height of surface bumps, we estimated, for this smooth
guano surface with only a few stones, a value for
surface roughness length (Z0) of 2 cm, the equivalent of
short grass; 3) the mean horizontal wind direction (from
our directional vane data); 4) the mean wind speed
(calculated from the Bat Observatory anemometer
data); 5) air temperature (from the Guano Pile logger);
6) barometric pressure (from the Guano Pile logger).
The ammonia emission data from the two sensors
in the most direct line of the plume entered into
WindTrax then yielded the estimate of the most likely
ammonia concentration field over a wide area and
area-integrated emission rate per second. This was
done for each of the 3-hour integration periods of the
24 hour day. The average emission rates for Guano
Pile A1 could then be extended to the mapped surface
area of all the guano deposits in the cave, and the
total checked against the known (measured) amount
of ammonia exiting the cave at the portals.
Water flow/discharge and nitrogen chemistry
a) Stream discharge
In normal flow conditions, the exit stream is

shallow. The sampling site for both for discharge
measurements and chemistry was downstream of
the Guano Pile, close to the Main Entrance, where
the flow, constrained between the cave wall and the
tourist boardwalk, goes under the bridge (“Bridge”
sampling site, Fig. 1). To measure low flows we built
a small 90° “V” weir, using head of water over the
center of the weir in an on-line calculator to calculate
discharge (Engineering Research and Software Ltd.,
2014). When discharge was too high for the small
weir, we measured channel cross sectional area and
velocity by the Float Method (Anon., 2001) to calculate
discharge (incorporating a Roughness Co-efficient for
very shallow streams of 0.64: Anon., 2001).
We did not have technology to continuously record
discharge of the stream. However, we were able to
correlate our intermittent readings with the historical
rainfall for the Mulu Airport region (MeteoBlue,
2022), and thereby estimate the continuous record
of discharge. The cave responds rapidly to changes
in rainfall, drip rate increasing within a few hours
after rainfall begins and stream discharge rising
subsequently. Although we could only measure
discharge intermittently, our discharge figures generally
mirror the regional rainfall, lagged by 6-9 hours (R2
= 0.98); therefore, we were able to use the rainfall to
simulate discharge changes over the time of the field
work, and indeed over the course of several years.
b) Water chemistry
Water samples were collected almost every day
(8 days in total) from the Deer Cave stream at the
Bridge site (Fig. 1). Total dissolved solids and pH were
measured on site using simple field meters (Exteck
pH90 meter, ±0.01 resolution; Hanna Instruments
TDS meter, ±1 mg/L resolution). Samples taken back
to the lab were “fixed” with a methanol spike, and
analyzed for dissolved nitrite, nitrate and ammonia at
the Marine Science Institute, University of California,
Santa Barbara, by flow injection analysis on a
QuikChem 8500 instrument (Lachat Instruments).
Note that we did not include two parameters
of potential export of nitrogen in water, namely
Particulate Organic Nitrogen (PON) and Dissolved
Organic Nitrogen (DON). This is the first time that
such a study of the nitrogen dynamics of a cave has
been attempted and our aim was to model the quasistable situation of normal (non-catastrophic flood)
conditions. In low to moderate rainfall conditions,
drainage of the drip waters is gentle, the exit stream
quite clear, and no particulate material apparent. In
addition, we know that the study area has not been
eroded in the last century, and that most of the guano
deposits are far from the stream or in higher levels of
the cave (see Figure 5, below). Therefore, we judged
that PON export was probably insignificant. However,
future studies should include this component.
Field conditions in this relatively remote region precluded
the measurement of DON. Because DON is often rapidly
removed by bacterial degradation (Berman et al., 1999),
sometimes within hours (Berman & Bronk, 2003), sample
processing requires ultrafiltration, refrigeration, and
analysis within 24 hr (Willett et al., 2010).
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RESULTS
Inputs (guano and urine)
Guano input to the Guano Pile
The GIS model shows that the area of the Guano
Pile, in plan view, is 241 m2. If the surface contours are
taken into account, then the surface area is 244 m2,
indicating that the guano pile has very little relief (a
requirement for the ammonia emission calculations).
Guano accumulation rate (Fig. 4) varies over the pile up
to a maximum of 25.6 g (dry weight)/m2/day (collection
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plate “p2” in thickest part of deposit – Fig. 4), with an
average of 11.3 g (dry weight)/m2/day or about 2.7 kg
dry weight of guano per day over the whole pile.
Guano input to whole cave
The guano distribution map for whole cave is shown
in Figure 5, and the total area of guano cover is
7500 m2. Translation of this guano areal distribution
to guano deposition rate for the whole cave requires
an estimate of extent of splay during free fall of pellets,
and an estimate of total population size.

Fig. 5. Guano distribution in cave, and relationship to stream; mapped from Sutton et al. (2013) survey.

a) Estimate of roof roost area
Free fall of guano pellets was calculated using the
known size of typical pellets. Lundberg & McFarlane
(2021) measured guano pellets from Hipposideros
galeritus (body mass ~9 g; Smith et al., 2011) and H.
cervinus (body mass ~9 g; Anwarali et al., 2008) at
3 mm long by 1.2 mm wide (giving cross sectional
area of 1.88 mm2 and a volume of 0.00113 cm3).
With a typical insect water content of 61% (Studier
& Sevick, 1992), and chitin density of 1.37 g/cm3
(ChemSRC, 2022), the pellet weighs ~0.0013 g. Using
a drag coefficient of 0.7 (towards the higher end of
the range between the 0.5 of a 2 mm raindrop [Ilyas
& Swingler, 2015] and the 0.8-0.9 of a long cylinder
[Antonia & Rajagopalan, 1990] after approximately
10 m of fall, the pellet approaches terminal velocity of
3.9 m/s (calculated on-line; Anon., 2022), and thus
takes ~25 s to transit from roof to floor (a height of
~120 m). Deflection from lateral wind during free fall
contributes to enhanced downwind splay. Average
wind speeds in the main passage were 0.11 m/s (see
below); higher wind speeds averaged 0.17 m/s. The
angle of deflection caused by a side wind on a falling

object was calculated following the method of Chand
& Bhargava (2005):
tan θ = µ/v
where θ is angle of deflection, µ is mean wind speed (or
mean gust speed) and v is falling velocity of pellet. This
yields angles of deflection of 1.6° and 2.5° for average
wind speeds and average gust speeds respectively,
and thus horizontal deflection distances of 2.6 m and
4.3 m towards the main Deer entrance. For air flow in
the Reverse mode, the angle of deflection towards the
Garden of Eden is 0.4°, and distance 0.7 m.
Applying the higher deflection distances to the Guano
Pile, we estimated the area of roosting bats above this
241 m2 guano pile to be 128 m2, or 55% of the guano
area. Applied proportionally to the total area of guano
of the cave (7500 m2) generates 4125 m2 of roosting
bats. Applying the deflection distances to each patch
of guano independently gives a more refined estimate
of roost area, yielding a total of 3920 m2. Applying the
lower deflection distance from average wind speeds
(2.6 m) returns 5217 m2 of roosting bats.
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b) Estimation of average bat roosting densities
and total population
In 2014, the population of Chaerephon plicata in
Gomantong Cave, Sabah, Borneo, was determined
to be 275,625–276,939 (95% confidence limits)
(McFarlane et al., 2015). To gauge typical roosting
densities, the roof area occupied by bats was calculated
using the high precision laser-scanned plan and cross
sections of Van Rentergem (2022). The bats (roosting
on the walls as well as the roof) occupy 1629 m2 of
cave surface, yielding an effective roost density of
169.2– 170.0 bats/m2. Applying these density values
to the modelled roost area of Deer Cave generates a
total bat population estimate of 663,260–666,422
(with maximum deflection angles from highest wind
gusts) or 882,711–886,919 (with lower deflection
angles for average wind speeds).
Since some amount of splay is inevitable, we
now have lower and upper limits on the most likely
population of Chaerephon plicata in Deer Cave of
774,828 ±48,320 (1 SD). This estimate is conservative
since, in assuming a horizontal roof above each guano
patch, it does not include geometric variability in roof
angle (which would present a larger surface area for
bat occupation).
Input of bat-derived N to whole cave
a) Urine production per bat per day and N content of urine
Data on urine production (Myotis lucifugus 2.91 mL/
day: Kurta et al., 1989) and typical urine concentration
(M. nigricans 1887 ±106 mg/dL or 18.87 mg/mL:
Studier & Wilson, 1983) yields a urinary N output of
54.91 mg/day/M. lucifugus bat or 7.63 mg N/day/
gram of bat. Modified for differing body weights (M.
lucifugus 7.2 g: Bruce & Weibers, 1970; Chaerephon
plicata 15.5 g: Leelapaibul et al., 2005) yields 118.21
mg urinary N /day/C. plicata bat or 59.11 mg urinary
N/12-hour roosting period /C. plicata bat.
b) Guano production per bat per day and N content
of guano
Using Pimental et al. (2022) average weight differences
between Pteronontus gymnonotus bats emergent
from a cave to those re-entering after foraging as
an indication of weight of feces dropped in cave per
roosting period (16.77 ±5.82% of body mass), modified
for appropriate body weight of C. plicata, yielded
2.598 g of wet guano deposited in the cave per bat per
day. Subtracting the typical water content of insects
(the major component of guano) of 61.21% live weight
(Studier & Sevick, 1992) yields 1.008 g dry guano per
bat per day (roost period). The guano deposition rate for
the whole cave (7500 m2) would be 104 ±6 g/m2/day.
Nitrogen content of our surface sample was 7.6%
dry weight. This number is consistent with published
measures of N in fresh insectivorous bat guano: e.g.,
Emerson & Roark (2007) report 8.48 ±1.78% dry weight,
from guanos in Florida; Bird et al. (2007) report, from
guanos in Philippines, N contents averaging 9.03 ±1.88%.
Note that published values on guano biogeochemisty,
even if from surface layers, can be difficult to compare
because surface guanos may be freshly deposited or
hundreds of years old (e.g., Wurster et al., 2015).

c) Total N from urine and feces from total population
Applying these measures to our estimate of the total
population of Deer Cave (774,828 ±48,320) yields, for
the whole cave, a daily input of 45.80 ±2.85 kg N from
urine, and 94.33 ±0.03 kg N from feces, or 140.13
±2.88 kg N per day, or 51146 ±1053 kg total per year.
Outputs (N exported in air and water)
Air flow/discharge
a) Air flow direction
Shifts in the air flow direction from “Normal” mode
to “Reverse” mode followed shifts in regional wind
direction (World Weather online, 2022). Supplementary
Figure S3 shows regional wind direction for the ten
days of field work, organized by time of day. The pattern
is quite regular: 1) Stable winds blow throughout the
night and morning, to the south west, exactly in line
with the orientation of Garden of Eden entrance into
cave passage, creating the “Normal” mode of air flow;
2) The late morning transitional period begins when
wind starts to shift, coincident with very low winds over
the Guano Pile A1; 3) Mid-afternoon stabilization of wind
to the north west, veering towards the orientation of
Deer entrance but remaining at right angles, creates the
gentle “Reverse” mode of air flow (wind very rarely blows
directly into Deer entrance); 4) Late afternoon abrupt
transition re-establishes the “Normal” mode of air flow.
b) Wind speed over the Guano Pile
The discontinuous hot wire data collected at the
mast location proved to be of limited value because
direction is not taken into account. With higher
wind speeds and therefore turbulence, the secondto-second changes in direction of each gust will not
represent the average transport of ammonia out
the entrance. In addition, the hot wire data were
not of value for ammonia flux calculations because
variations in the interim three hours are not included.
These data serve merely to confirm that air speed
varied over the course of the day, lowest at around
midday, and highest around midnight. However, it
was useful to have the hot wire in the field as a rough
indicator of wind speed.
Wind speed was measured by anemometer
continuously at the Bat Observatory, and assigned a
positive or negative sign for direction (positive being
the “Normal” mode of flow from Eden to Deer, and
negative the “Reverse” mode, backwards from Deer to
Eden). Using the continuity equation and the crosssectional area proportional correction factor of 4.6
(the passage at the Guano Pile is 4.6 times larger
than the passage at the Bat Observatory), the wind
speeds at the Guano Pile were calculated. These are
shown in Figure 6. For about 5 of the 24 hours, the
air flowed (gently) backwards from Deer Entrance to
Eden Entrance.
Data for temperature, pressure and wind speed over
the Guano Pile are shown in Supplementary Table S1.
Average wind speed over the 18 hours of “Normal” air
flow mode was 0.109 m/s and over the 6 hours of
“Reverse” mode 0.030 m/s. The maximum was 1.080
m/s and the average of the thirty highest readings
was 0.171 m/s.
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Fig. 6. Wind speed and direction (m/s) over Guano Pile for the 24 hours of ammonia collection (21 minute running mean).

Ammonia released to air
a) Total ammonia output discharged from exit portals
Radiello data for the portals (two sensors in
each portal) for 13th and 14th July combined with
average wind speeds for these days calculated for the
combined portal cross-sectional area (by applying
the continuity equation to the continuous data from
Bat Observatory) yield the rate of export of ammonia.
Both portals showed similar ammonia values (n=3:
Lower portal 6.38 ±0.83 µg NH3/m³; Upper portal
6.43 ±1.38 µg NH3/m³), justifying our assumption
that turbulent mixing effectively dispersed ammonia
evenly throughout the exiting air.
The hot-wire data (measured at upper and lower
portals within a 10' interval) showed the difference in
air speed and thus air discharged through each portal:

the lower portal takes ~20% of the air discharged,
and upper portal the other ~80%. However, since
both portals showed similar ammonia values it was
not necessary to separate out the output of each portal.
Therefore we used, for each day, the average ammonia
concentration for both portals and average wind speed for
the combined cross sectional area (Table 1). This yielded
an estimate of air discharge from the two portals, and
ammonia discharge (assuming that the air is well
mixed and the Radiello readings represent the whole
cross section and that the wind speed applies equally
to the whole cross section). The average ammonia
discharge from the exit portals for the two days of
record was 7252±2229 µg NH3/s or 0.627 ±0.193 µg
NH3/day. Thus, the typical output of N per 24 hr day
is 0.516 ±0.159 kg N/day.

Table 1. Calculations of average ammonia discharged through exit portals.
Wind speed
(m/s)

Crosssectional
area (m2)

13th July

0.127

14th July

0.222

Date

Air
discharge
(m3/s)

Ammonia
concentration
(µg NH3/m3)

Ammonia
discharge
(µg NH3/s)

Total ammonia
discharge
(µg NH3/day)

Nitrogen
discharge
(kg/day)

6850

869

6.54

5676

0.4904

0.4039

6850

1522

5.80

8829

0.7628

0.6282

7252.5
±2229

0.6266
±0.1926

0.5160
±0.1586

Average

b) Ammonia emission in air from the Guano Pile
Data for ammonia collected by the four Radiello
detectors (Fig. 4) over the Guano Pile (Supplementary
Table S2 and Fig. 7) indicate that ammonia output was
relatively stable throughout the day. These results, in
association with the results of the plume modelling
(below), demonstrated that geographic positioning
of sensors was critical. A1-1 and A1-2 were located
upwind; A1-3 was directly downwind; and A1-4 was
downwind and a little to the west. The high values for
A1-1 suggested that it had been located too close to,
and therefore compromised by, ammonia emitted by
the nearby guano to the west and north.
For the plume simulation we used the two sensors
in direct line along the ammonia gradient, A1-2
at the upwind end, and A1-3 at the downwind end
(Supplementary Table S3). WindTrax output includes

contour plots of the simulated plume for each run
and cross sectional view. Figure 8 shows, in the
main map, the plume for Period 2 in the afternoon,
and its cross section, Inset A. Inset B shows the
small reverse plume for Period 1, around noontime.
Average emission rate over the 24 hour period is
158.8 ±73.2 µg NH3/s. The total emission in each
3-hour period summed over the eigth periods yields
a sum for 24 hours of 12.26 ±5.66 g NH3. When the
ammonia emitted during the two periods of reverse
flow is omitted, the average emission rate during the
Normal Mode of air flow is 178.8 ±55.3 µg NH3/s,
and the total emission of ammonia for the day from
Guano Pile A1 through the portals is 11.59 ±5.34 g.
The remainder, 0.674 ±0.311 g, is exported through
Garden of Eden during the few hours of Reverse Mode
air flow. (Note that these numbers supersede the
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rough estimate published in McFarlane et al., 2017;
that early experiment was a test run for this new field
work, and we have discovered an error in those early
calculations).
c) Ammonia emission to air from all guano in the cave
The air emergent from the portals transports the
ammonia from the whole cave (i.e., from the studied
Guano Pile, A1, as well as all the other guano). If the
total area is 7500 m2, the Guano Pile A1 (241 m2) thus
represents about 3% of the total aerial extent of guano.
If we make the very broad assumption that ammonia
output is about the same for each square meter of
guano, then output from A1 should be only about 3%

of the total ammonia output. Comparing this estimate
with the actual data from the portals suggests that all
the values are reasonable. If we compare the average
NH3 emission rate in Normal air flow mode at the
Guano Pile (178.8 µg NH3/s) with the average NH3
output rate from the portals (7252.5 µg NH3/s), then
the Guano pile contributes 2.5%. This is well within
expected values, since we know the limitations of the
assumption that all areas of guano have about the
same rate of emission. Ammonia output is governed
by, amongst other controls, depth (more) and wetness
(less) of guano (Sigurdarson et al., 2018). The deposits
we probed in the cave varied in depth from ~10 cm to
~130 cm, and from almost sodden to relatively dry.

Fig. 7. Ammonia output data from Radiello detectors at the Guano Pile, in μg NH3/m3.

Fig. 8. Ammonia plume produced by Guano pile, A1, for Period 2 in the afternoon (14:15–17:15 hrs); contours in μg NH3/m2. Inset A: plume height
in relation to the height of passage roof. Inset B: the very small plume produced during Period 1 (11:15–14:15 hrs) Reverse air flow mode.
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Water flow/discharge and water chemistry – N exported
in water
a) Stream discharge and water chemistry
Stream discharge was generally low during the 10 days
of field work, averaging 0.004 ±0.004 m3/s. Two days of
moderate rainfall raised discharge to 0.111 m3/s. Our
results are presented in Supplementary Table S4, and
graphed alongside rainfall records for Mulu Airport
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(Meteoblue, 2022) in Figure 9. Using the relationship
of measured discharge and preceding 6 hours rainfall,
continuous discharge was modelled, optimizing the
fit of measured data to modelled results – shown in
Figure 9 as the green dashed line. Although based
on only ten days of field work, the r2 value of the
modelled relationship, at 0.99, was very good, giving
us confidence in the model.

Fig. 9. Measured discharge of stream emergent from Deer Main Entrance (red triangles); rainfall for Mulu Airport (solid line);
modelled discharge (dashed green line).

Total N in g/L (as NO3–, NO2–, and NH3) correlated
logarithmically with modelled discharge (r2 = 0.89;
Fig. 10). We used the modelled discharge rather than
the measured discharge because any one measurement
of discharge records just a singular point in time,
whereas the model reflects the antecedent rainfall for
the whole event and this governs the chemistry more
than the single point of discharge.

the totals were 301 m3 and 15.31 kg N. Average N
export for these three days of low discharge (8th,
13th, 14th) was 7.89 kg. Taking all 10 days of field
work, including the two days of very high discharge,
the total discharged average was 249 m3/day and the
export of N in the water averaged 120.6 kg/day.
Table 2. N exported in water of Deer Cave Stream and whole cave
(including additional proportion in Deer Water Cave).
Total Q
(m3)

N exported
in Deer Cave
stream (kg/day)

N exported in
water from
whole cave
(kg/day)

8-9th

31

1.90

2.26

13th

105

6.46

7.69

14

301

15.31

18.23

145

7.89

9.39

2489

120.56

143.55

Date

th

Average
for low
flow days
All 10 days
(incl. two
rainy days)

Fig. 10. Relationship of N content of stream water and modelled discharge.

For the 24 hours of study of The Guano Pile, 8th 9th July, total discharge of Deer Cave stream was only
31 m3 (Table 2), and the total N exported in the water
was 1.90 kg N. For the two days of data for export of
N through the air out the portals (which drains all
of the cave), on 13th July total discharge was 105
m3 and total N exported 6.46 kg N, and on 14th July

When the discharge modelling is applied to rainfall
data for several years (Supplementary Table S5), and
the nitrogen relationship also applied to several years,
then the typical rates of export of N in the water of Deer
Cave stream can be estimated. Average daily export of
N from Deer Cave stream from 2011 to 2021 was 6.1
±0.4 kg/day, and the average total annual export of
N was 2253 ±144 kg N. Comparing this average daily
export over 11 years of record, we can judge that our
record from 13th July was the closest to average.
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The export of N in Deer Cave stream represents
drainage from most of the cave. However, the area
close to the Garden of Eden (Roost C, Fig. 1) drains to
Deer Water Cave. The areal extent of guano deposits
here is 1430 m2, or ~19% of the total guano area of
the cave. So, we can assume that the total N from
all the guano in the cave exported in stream flow
would be 19% higher than the total from Deer Dave
stream alone. Thus, the average for low flow days for
the whole cave is 9.39 kg/day (column 4 in Table 2);
the annual average from the whole cave for 11 years
is 2683 ±171 kg N; the average daily export of N in
water from the whole cave is 7.35 ±0.47 kg/day and
for July 13th, 7.69 kg. For comparison, the figures
for export of N from whole cave in air 13th July was
0.404 (or, for both days of record, 13 and 14th July
0.516 ± 0.159).
Table 3 presents a summary of the inputs and
outputs for the whole cave. These values (140.1 kg
N/day input, 7.35 kg N/day exported in water, 0.404
kg N/day exported in air) can now be inserted into
equation 1 to yield 132 kg N/day lost to denitrification
as diatomic N, or 94.4%.
Impact on total forest N budget
Assuming a conservative foraging radius of 30 km
from Deer Cave, and using the values for fixation of
nitrogen in tropical forests from Cusack et al. (2009),
this forest area should yield 339 kg fixed-N per day.
Transfer of this nitrogen to Deer Cave by the bats, at
a rate of 140 kg N/day, with loss to denitrification
of 132 kg N/day, represents a significant loss to the
general ecosystem. The cave is thus a sink for up to
39% of the nitrogen budget, over some 2800 km2 of
tropical forest.
Table 3. Summary of nitrogen input/output from whole cave.
Kg N/day
Input of N: average of guano plus
urine from estimated bat population
Export N in water: Daily average for
11 years

140.1 ±2.8
7.35 ±0.47

Export N in air: 13 July

0.404

Total daily export N from water
plus air

7.754

th

Excess of input over export

132.27
% of Excess
over input

Denitrification component

94.4%

DISCUSSION
Guano accumulation rate
In many caves we have observed significant variations
in lateral rates of guano deposition, even within a
single bat colony, caused by re-working of the guano
(by bioturbation and mass movement), in addition to
variations in roof geometry (steeper roofs at normal
roosting density result in higher floor deposition rates).
Effective measurement of guano deposition therefore
necessitates an appropriate density of collection plates,
which should be raised up to avoid re-working. Our
array density, 1 plate/~20 m2 of guano, was adequate

for this topographically simple pile. A more complex
situation would call for a denser array.
Our measurement of guano accumulation over the
Guano Pile, 11.3 g (dry weight)/m2/day, contributes
another data point to the very few that have been
published (a paucity also noted by Pimental et al.,
2022). Note that estimates of depth of accumulation
(rather than dry weight), such as Hutchinson (1950),
do not offer useful bases for comparisons. The Guano
Pile probably represents some of the lowest rates of
accumulation in Deer Cave (the ammonia emission
modelling program dictated choice of flat area – thus
necessarily an area of low accumulation). Our estimate
for the whole cave, 104 ±6 g/m2/day, is more typical.
Iskali & Zhang (2015) estimate, from the “world’s
largest colony of bats” in Texas, a dry weight total
of 50,500 kg of guano deposited on 3078 m2 of floor
in one year – equivalent to 45 g/m2/day. Pimental et
al. (2022) report a maximum accumulation rate of
738 g/m2/96 h or 184.6 g/m2/day from insectivorous
bats in Brazil. It is not specified whether this is wet
or dry weight but their methods indicate that it is
fresh, wet guano (and the numbers quoted in the
text do not match with the numbers shown in the
figure). If their quoted figures are of wet weight,
then maximum wet guano accumulation rate might
translate to ~72 g dry weight/m2/day. These numbers
are generally comparable with our number. Note that
these estimates, all of the same order of magnitude,
are likely only from caves with large populations, and
thus biased towards the highest values.
Estimation of total bat population
The total number of wrinkle-lipped bats roosting in
Deer cave is unknown. Estimating free-tail bat colony size
is notoriously inaccurate, with most published attempts
over-estimating colony size (e.g., McCracken, 2003), and
no serious quantitative study, of the kind done at Carlsbad
Caverns, USA (Hristov et al., 2010) or Gomantong Cave,
Sabah (McFarlane et al., 2015), has been attempted at
Deer Cave. Semi-quantitative estimates for the Deer Cave
population range from 0.3 million (Chapman, 1985) to as
many as 2 million (Hall, 1996).
Our technique of mapping ground cover of guano was
based on the very precise and carefully drawn survey
of Sutton et al. (2013). A survey of lesser quality could
not offer such a resource. Our new measure of typical
roosting density for the species will be useful in other
studies of caves in South-East Asia. Our innovative
technique to estimate total bat population of Deer
Cave, quantitative but indirect, yielded a result that is
surprisingly consistent with some of the earlier estimates
based on qualitative observations of bat flights.
Nitrogen dynamics and storage
Nitrogen dynamics vary with time, depth of guano,
moisture conditions, and the chemical environment.
Urea is rapidly broken down /hydrolysed/converted
to ammonia NH3 (and carbonic acid H2CO3), catalysed
by enzyme urease, in seconds (McFarlane et al., 1995;
Sigurdarson et al., 2018). Thus, ammonia released to
air is largely confined to the uppermost couple of mm
of guano. The ammonia forms a plume that is rapidly
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dispersed into the cave air. Nitrogen is released by
decomposition of chitin much more slowly.
The degree of saturation of the guano is critical to
the pathway that the N takes. Wet slurry/soil does
not release much ammonia because ammonia in
solution (ammonium ion NH4+) is not volatile, and in
waterlogged soils, anoxic conditions cause increased
denitrification of nitrate and nitrite (Sigurdarson et
al., 2018). Also important to chemical speciation is
pH: in neutral or basic conditions NH3 will form and be
lost through emission, but in more acidic conditions
(pH <7) more NH3 is converted to cationic ammonium
NH4+ (Sigurdarson et al., 2018).
Although guano nitrogen can accumulate in
very dry caves, this does not occur in a moist,
high-humidity site such as Deer Cave. The least
deliquescent nitrate mineral, niter (KNO3), can only
form in relative humidities below 95% (Hill, 1981), so
nitrogen storage is limited to undecomposed guano.
If niter is absent, other, more deliquescent, nitrogencontaining minerals would be most unlikely and other
nitrogen containing minerals (e.g., spheniscideite,
guanine) have not been identified from Deer Cave. The
decomposition time of guano in Deer cave is unknown,
but none of the profiles we examined exceeded 1.5 m
total depth, and the Guano Pile, A1, has a maximum
depth of 0.6 m (as mentioned above, dated at close
to 100 years). A steady state between the rate of
input and rate of guano decomposition is established
rapidly (e.g., after some tens to hundreds of years).
Thus long-term storage of nitrates in this cave is zero.
The Radiello sensors for ammonia provide a robust
and reliable technology for measurement of ammonia
emission in caves, and the WindTrax modelling worked
well. In this particular cave, because so much of the
guano is wet, only a small component of the N comes
off as gaseous ammonia. In drier caves where export in
air would be more significant, detailed measurement of
potentially complex air-flow patterns would be required.
Modelling of discharge from rainfall record
Although our field measurements did not include
any extreme events, the relationship of measured
discharge and rainfall data was good, giving us
confidence that the technique works reasonably
well. Obviously, additional field measurements of
discharge would increase confidence in the model, but
at present there are no better data to use from this
remote region of Borneo. Nonetheless, this gave a good
order of magnitude measure of the output of water
(and therefore nitrogen) for the period of study. The
extension of the modelling to several years, and then
the presentation of the actual measured data which
were close to the average from the modelling, showed
that the discharge (and the modelling of relationship
of nitrogen and discharge) was in the correct ballpark.
That our data were actually quite close to the average
in spite of the extension over such a long time period
gave us more confidence in the results.
Estimation of nitrogen export in water
At the outset, we had assumed, in view of the
sometimes-strong smell of ammonia, that ammonia in
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the air would be the dominant mode of N export. It was
only after analyses that we realized the importance
of export in water, even by means of this very small
stream. Although we were able to accurately measure
Dissolved Inorganic Nitrogen, in the absence of a
measure for Dissolved Organic Nitrogen, our estimate
of nitrogen exported in water may be too low. This is a
unique situation, and, as far as we can tell, DON has
never been measured for a cave stream. Therefore we
have no way to estimate the likely contribution of DON.
We suggest that future studies try to incorporate both
PON and DON and to focus on the episodic nature
of potential particulate and dissolved nitrogen export.
Implications of research
It is well established that the world's tropical forests
are the major global repository of biodiversity and
play important roles in global climate regulation and
biogeochemical cycling (e.g., Malhi & Phillips, 2004).
Nitrogen has been identified as a potentially limiting
nutrient in TMFs (e.g., Davidson et al., 2004; Dalling
et al., 2016), but previous quantitative studies of
nitrogen fixation rates in these ecosystems have
provided widely disparate results: Reed et al. (2008)
report published TMF canopy fixation estimates that
span four orders of magnitude. Furthermore, Feeley &
Terborgh (2005) demonstrate that mammalian herbivore
density on land-bridge islands isolated in Lago Guri,
Venezuela, is strongly correlated with reduced nitrogen
content (increased C:N ratio) in TMF soils.
In Southeast Asia, the conversion of TMFs to oil
palm agriculture has been extensive, with several
million hectares of oil palm replacing forest over the
last two decades (Koh & Wilcove, 2008; Gibbs et al.,
2010; Reynolds et al., 2011). The island of Borneo has
experienced particularly high levels of conversion to
oil palm, amounting to 4.2 Mha in Malaysian Borneo
alone between 1973 and 2005, with an additional
14.4 Mha in Indonesian Borneo (Gaveau et al., 2016).
This conversion has been demonstrated to have
significant impacts on soil microbial communities,
and by extension, nutrient cycling and nitrogen
fixation (Lee-Cruz et al., 2013). The conversion of
TMF to oil palm plantation is known to reduce species
richness in bat and bird communities (Aratrakorn et
al., 2006; Fitzherbet et al., 2008), as well as many
other animal groups (Struebig et al., 2011). The
impact on individual bat species abundances is not
well understood, although it has been implicated
in the catastrophic decline of the insectivorous bat
Cheiromeles torquatus at Niah Cave, Sarawak (Hutson
et al., 2001). Quantifying the interplay between large
bat and bird colonies and karst TMFs will contribute
to our understanding of ecosystem resilience and
future trajectories.

CONCLUSIONS
This study of nitrogen inputs and outputs to and
from Deer Cave used several innovative techniques
and yielded several important results. Quantification
of air flow through the cave revealed that it is driven
by regional wind direction, and shows a diurnal
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alternation of direction. Guano deposition rates in
Deer Cave vary between ~11 g (dry weight)/m2/day
up to at least ~104 g/m2/day.
In this report we present the first detailed modelling
of ammonia plume in a cave context. We also present
the first measure of average roosting densities of
Chaerephon plicata (from Gomantong Cave, Sabah,
Borneo) at 169.2–170.0 bats/m2 – a number that is
relevant for all the roosting area, rather than simply
the densest region of the colony. Additionally, we
present the first quantitative (conservative) estimate
of total population of Chaerephon plicata in Deer
Cave, at 774,828 ± 48,320.
The most salient results of the nitrogen inputoutput estimates are that:
• daily input of N to the cave from this population is
~140 kg N per day;
• export of N as gaseous ammonia constitutes only
a minor component of the total budget;
• the majority of ammonia is exported in aqueous form;
• the final budget is dominated (perhaps as much
as 94.4%) by microbial denitrification of fixed-N to
diatomic N; and
• the cave functions as a sink for up to 39% of the
total forest nitrogen budget.
This paper presents an original approach to a
problem with important ecological perspectives. The
results from this cave are relevant for all karstic moist
tropical forests: the bats, whether from few large caves
or from many smaller caves, forage over wide areas,
removing ecologically useful fixed-N. This research is
particularly apposite in view of the worldwide decline
in N availability in most terrestrial ecosystems,
recently highlighted by Mason et al. (2018).
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